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ABSTRACT

This report describes a three-dimensional nonlinear finite
element developed for the ANSR-II program. The report contains
a description of the element characteristics, the theoretical

formulation, and a computer program user's guide.
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1. INTRODUCTION

This report describes a three-dimensional, nonlinear solid finite
element for the ANSR-II code [1]. The element has the following features:
(1) Arbitrary orientation in space.
(2) Variable number of nodes {from 8 to 20).
(3) Large displacement effects may be included or ignored.
These effects are based on a total Lagrangian formulation.
(4) Variable Gauss integration order (from 1 to 4 points in
each of the three local directions).
(5) Choice of three material models, namely:
(a) Isotropic linearly elastic material.
(b) Orthotropic linearly elastic material.
(c) Elastic-perfectly plastic material with von Mises
yield criterion.
(6) For dynamic analysis, damping proportional to initial
elastic stiffness and/or current tangent stiffness.
(7) Stress and strain output at Gauss integration points plus
one other user-specified point.
This report contains a description of the element and the element user’s

guide.






2. ELEMENT PROPERTIES

3D solid finite etements may be arbitrarily oriented in space.

Each element can have from eight to twenty nodes. There are three
translational degrees of freedom (X, Y, Z translations) at each node.
The element maps into a prism in a Tocal r-s-t coordinate system, such
that nodes 1 through 8 are located at the corners and nodes 9 through 20
are located at midsides of the edges of the prism (Fig. 1). The eight
corner :nodes must always be specified, and any one or more of the mid-
side nodes may be specified.

The element matrices (stiffness, resisting nodal loads, etc.) are
computed using Gauss quadrature integration. The integration order
(number of integration points) in each of the Tocal r-s-t directions may
be specified separately (from one to four points in each direction). For
most cases, 2 x 2 x 2 integration is recommended.

Large displacement effects may be included or ignored. If targe
displacements are considered, a total Lagrangian formulation is used.

Three different material models are included, as follows:

(a) Isotropic linearly elastic material.

(b) Orthotropic linearly elastic material.

(c} Elastic-perfectly-plastic material, with von Mises yield

criterion.
Orthotropic material properties are defined with respect to the global
axes, For the elastic-perfectly plastic material, the stress increment
during plastic loading is obtained by dividing the strain increment into
a number of subincrements, and performing Runge-Kutta integration in
each subincrement. For most applications, a single increment and first

order (Euler) integration will be sufficient.
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For results output, stresses and strains at a user-specified "output"
point are printed. The r-s-t coordinates of the output point may be input
by the user, with default at the element center (r = s = t = 0). In

addition, the results at the Gauss integration points may be printed.






3. THEORY

3.1 LARGE DISPLACEMENT FORMULATION

3.1.1 General

The large displacement formulation for a general finite element system
in a Lagrangian reference frame has previously been presented [e.g. 2,3].
The strain-displacement relationships and element stiffness matrices are
developed as the structure deforms from a known state {(configuration 1,
time t) to a neighboring state (configuration 2, time t + At). AIl strain
and stress quantities in the deformed configurations are referred to the
undeformed state (configuration 0, time = 0).

In the following sections, the large displacement formulation for a
3D solid finite element will be briefly presented, following procedures
outlined in detail in the previous reports [e.g. 2,3].

3.1.2 Shape Functions

For a 20-node isoparametric element (Fig. 1), the shape functions
can be written as follows:

(a) For corner nodes (m =1 to 8, ro = *l, s = +1):

NYr,s,t) = (1+-rrm)(1 + ssm)(l + ttm)

1
8

-—= (1’r”(1+3%ﬁ(1+ttm)+(1+r”mM1‘S”(1+ttm)

QO =

+(1+rrmﬂl+ssmH1-t2) (1)

{(b) For midside nodes (m = 9 to 20}:

N"(r,s,t) = %(1- ) (1+ss M1+ tt), 1 =0 (2)
N(r,s,t) = %-(1+—rrm)(1- 52)(1+'ttm), Sy = 0 (3)
N"(r,s,t) = %(1+rrm)(1+ ss )(1-t2), t =0 (4)
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For a variable (8 to 20) node element, the shape functions for the
midside nodes are included only for those nodes which are present. For
the corner nodes, terms involving (1-v?), (1-s?), and (1- tz).in Egqn. (1)
are included only if corresponding midside nodes are present (e.g. if only
node 17 is present, the shape function for node 17 will be obtained from
Eqn. (4), and the shape functions for nodes 1 and 5 will have terms
involving (1-t?) included).

Following standard finite element methodology [4] , the global X, Y,
and 7 displacements at any point within the element, in the current

deformed state 1, are related to the nodal displacements as follows:
{*u} = [N} (*q} (5)

in which {'u} is the vector of displacements within the element, {N] is
the matrix of shape functions, and (g} is the vector of nodal displace-
ments.

Similarly, displacement increments from the deformed state 1 to the
deformed state 2 are related to the nodal displacement inCrements as

follows:
wr o= (N {q} (6)

In subsequent relationships, derivatives of the shape functions with
respect to the global X-Y-Z axes will be needed. These derivatives are
obtained by the usual Jacobian transformation [4].

3.1.3 Stress-Strain Components

The state of stress at a point within the element is described by six

components, namely 'S__,

1 1 1 1 1 :
X Syy, Szz’ . Syz’ and SZX in the deformed

Xy
state 1 (time t).






h : : 1 1 1 1
The corresponding strain components are Exx’ Eyy, Ezz’ 2 EXy

2'E , and 2'F_ .
yz zx

3.1.4 Strain-Displacement Transformation

The increment of strain, {E}, from deformed configuration 1 to the
deformed configuration 2 is decomposed into a linear part, {e}, and a

nonlinear part, {n}. That is,
{E} = Ael + {n} {7}

The linear part is related to the nodal displacements through the follow-

ing relationship:
fe} = ['FJ {uy} (8)

in which ['F] is the matrix of deformation gradients and {ua} is the
vector of displacement gradients. The matrix [IF] is easily obtained
from Egn. 2.15 of Reference 3. The vector {ua} is obtained from Eqn. (6)

as follows:

fugb = [N] {q) (9)

in which [N,] is the matrix of derivatives of shape functions.

N
Combining Eqns. {8) and (9), the following strain-displacement rela-

tionship is obtained

i

{e} CFILN) (o (10a)
or

{e}

'8 ] {q} (10b)

An explicit relationship (such as in Eqn. (10)) between nonlinear

strain and displacement increments is not needed, as explained subsequently.






3.1.5 Element Stiffness Matrix

The element stiffness matrix is given by

¢ = fU8)Tic) 8] av (11)
)

0
in which [C] is the material constitutive matrix, and V0 is the volume of
the element in the undeformed state. The integration in Egn. (11) 1is car-
ried out numerically using Gauss quadrature.

3.1.6 Geometric Stiffness Matrix

The nontinear part of the strain increment is given by

-

1 (au )2 (au 2 AU )2
= - H_.)i + _y + _._.E
Myxx 2 9X 9X ) oz

] (12)

v+ HC0E) - () - (2)(2)

imi i i . s by permutation
Similar expressions can be written for nyy N, nyz, Ny Y p

of subscripts x, y, z.

The geometric stiffness, [K of the element is obtained from the

A
virtual work equation

T - 1 1 1
{5q} [KG] {q} = Vf( Sex Sy * syy anyy + 15 6n,,
° (13)

1 1 1
+ 2 Sxy ﬁnxy + 2 Syz ényz + 2 SZx 6nzx)dV

in which 8{+) is a variation on the undesignated variabie.
By combining Eqns. (12) and (13) and simplifying, it can be shown
that

(K] = /[NJ (3] (ny] dv (14)

Yo






in which the matrix of shape function derivatives [N,] is defined in

5)
Eqn. (9). and the matrix [!§] is as follows:

[}s] 0 0
(8] = o ['s] 0 (15)
0 0 [*s]

in which

[~ -

IS IS IS
XX Xy ZX

1 - 1 1 1

's] sxy syy syZ (16)

1S IS IS
ZX YZ zZZ

. J

As for the element stiffness matrix, the integral in Egn. (14) is

evaluated numerically using Gauss quadrature.

3.1.7 Equilibrium Neodal Loads

Nodal Toads in equilibrium with the state of stress in the deformed
state at time t are given by

PRY = ./[1B}T {15} dv (17)

Yy

. : 1¢1] = . 1 1 1 1 1 1 s _
in which {'S}" = < Syu Syy S,, Sxy Syz 5,, > and the strain displace
ment transformation matrix [18] is given in Eqn. (10b). Again, the integral

in Egn. (17) is evaluated numerically.

3.2 MATERIAL MODELS

3.2.1 General

Three different material models are dincluded, as follows:
(a) Isotropic linearly elastic material.

(b) Orthotropic linearly elastic material.






(c) Elastic-perfectly plastic material, with von Mises

yield criterion.

The constitutive relationship between increments of stress and strain

can be written

CN

SXX

S
Yy

ZZ

.

Xy

S,z

ZX

_
That is,

It should

as

— - ( ~

Ci1 G2 Gz Gy G5 G Eyx

Lo Coz Cop Cop Oy Evy

C33 C3q O35 Cg4 E,.

(18)

Cas  Cas  Cup 2,y

o5 Cog 2k,

Symmetric | C66 ZEZx
— - _ >y

{s} = [c] {E}

be noted that for large displacements the above relation-

ship is assumed to be between the (second) Piola-Kirchhoff stress and

Green-Lagrange

strain.

3.2.2 Isotropic Linearly Elastic Material

For this material the coefficients of matrix [C] are as follows:

C11

Cag

All other

= Loy = Cg3 = 2u+A
= 0y = Gyt A (19)
= C55 = C66 = U

coefficients are zero. The constants X and u are






vE _ E

S CEE0 1 ) B T ¢ (20)

in which E = Young's modulus and v = Poisson's ratio.

3.2.3 QOrthotropic Linearly Elastic Material

Orthotropic material constants are defined with respect to the global
X-Y-Z axes. The constitutive relationship for this material can be written

as

(E} = [c]‘l i} = [D] (s} (21)

in which the coefficients of matrix [D] are

Dy = UES Dy, = VES Dy = 1/
D12 = _vxy/Ey; D1z = g /Eps
(22)
Doz = vy, /E
Ogq = V6,5 D5 = /G5 Dge = /G,

s E_3
Yy’ "z

Poisson's ratios vxy’ vxz’ vyz; and the shear moduli ny, Gyz, G?x define

the material. The matrix [C} is obtained by inverting matrix [D].

Nine material constants, namely the moduli of elasticity Ex’ E

3.2.4 Elastic-Perfectly-Plastic Material

The flow theory of plasticity and the von Mises yield criterion are
used to derive the constitutive relationship. Details of the derivation
can be found in Reference 2. The elastic-perfectly-plastic constitutive

matrix is given as

[c] - [CE] . [CP] (23)
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in which [t?] is defined by Egn. (19) and the matrix [bé] is as follows:

[CP] = §‘"-:-{§} 57 | (24)
%y
in which
7 = «5.% 5.5 S S > (25)
XX Tyy “zz Txy Tyz Tzx

xx - xx ~ %m
S = § -

vy yy ~ °m

2z = 3227 %m (26)
Gy = Yield stress in uniaxial tension or compression

= =L
T = Mean stress = 3 (SXX + Syy + SZZ)

3.3 STATE DETERMINATION CALCULATION

"State determination” involves computation of the stress increments
for given strain increments. For Tinearly elastic isotropic and ortho-
tropic materials, the stress increments are obtained by applying Eqn. (18).
For an elastic-perfectly-plastic material, the state of stress, computed
assuming elastic behavior during any load step, may lie outside the yield
surface. This is not admissible and must be corrected.

As an example, let point A (Fig. 2) define the state of stress at the
beginning of a load step. Assuming linear behavior within the step, Tet
the new state of stress be at point D, which is outside the yield surface
and is, therefore, not admissible. Assuming that strains vary propor-
tionately within the step, a stress state (point B) is computed where the

stress path intersects the yield surface. For the remainder of the strain

11






increment, the stress increment from point B to point C is computed as
follows:
(a} The increment is divided into a number of equal sub-
crements. This number is specified by the user.
(b} The stress increment for each strain subincrement is
computed using Runge-Kutta integration of up to fourth
order. The order of integration is specified by the
user.
If large plastic strain increments can occur within a load or time
step, it may be desirable to specify several subincrements. For most
applications, however, it is recommended that the number of subincrements

be at most 2 and that Euler integration (order = 1) be used.

12






4. RESULTS QUTPUT

The following results are printed at the specified output intervals
in static and dynamic analyses for those elements for which response
results are requested.

(1) Element number.

(2) For the output point:

(a) Yield code: zero elastic; 1 = yielding.

(b} Stress components: SIG11, SIG22, SI1G33, SIG12,
S1G23, and SIG 31.

{c) Strain components: STR11, STR22, STR33, STR1Z,
STR23, and STR31.

(d) Effective stress, EFFSIG, given by

EFFSIG = 1.5 ¥SS

where

YSS = (SIG11)? + (SIG22)? + {(SIG33)?

+ 2{S1612)2 + 2(SIG23)% + 2(S1G31)?
{3) If results at the Gauss integration points are to be printed,
results 2(a) through 2(d} are printed at each point.
The results envelopes consist of the following:
(1) Element number.
(2) Maximum positive and negative values of stress and strain
components, and the corresponding times at which these
peak values occur, at the output point and each Gauss

point.

13






5.

USER'S GUIDE

3D SOLID FINITE ELEMENT (TYPE 4)

5.1 CONTROL INFORMATION

Two Cards.

5.1(a) First Card

Columns Note Name

Data

5(1) NGR
6-10(1) (1) NELS

11-15(1) MFST
16-25(F) DFO
26-35(F) DKT
41-80(A) GRHED

5.1{b) Second Card

Columns Note Name

Element group indicator Punch 4.

Number of elements in group.

Element number of first element in group
Default = 1.

Initial stiffness damping factor, 60.

Tangent stiffness damping factor, 8

T

Optional group heading.

Data

1- 5(1) (2) NODES

6-10(1) NMAT
15(1) (3) MODEL

20(1) (4) TORDR
25(1) T0RDS
30(1) IORDT

Number of nodes describing each element (Min.

Max.=

Number of different material types.

20). Default = 8.

Material model number. No default.

{a) 1:
(b) 2:
(c) 3:

Gauss
Max.=

Gauss
Max.=

Gauss
Max.=

Isotropic linearly elastic.
Orthotropic linearly elastic.
Elastic-perfectly plastic, with
von Mises yield criterijon.

integration order in r-direction (Min.
4). Default = 2,

integration order in s-direction (Min.
4). Default = 2.

integration order in t-direction {Min.
4). Default = 2.

14
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5.2 MATERIAL PROPERTIES

5.2(a) Isotropic Linearly Elastic Material

NMAT cards. Omit this section if MODEL is not 1.

Columns  Note Name Data

1- 5(I) Material type number.
6-15(F) Young's modulus, E.
16-25(F) Poisson's ratio, v.

5.2(b) Orthotropic Linearly Elastic Material

NMAT cards. Omit this section if MODEL is not 2.

Columns Note Name Data

1- 5(I) Material type number.

6-15(F) (5) Young's modulus, EX.
16-25(F) Young's modulus, Ey.
26-35(F) Young's modulus, E5.
36-40(F) Poisson's ratio, Vyy-
41-45(F) Poisson's ratio, vy,.
46-50(F) Poisson's ratio, Vyz*
51-60(F) Shear modulus, Gyy-
61-70(F) Shear modulus, GYZ'
71-80(F) Shear modulus, G

X"

5.2(c) FElastic-Perfectly Plastic Material

NMAT cards. Omit this section if MOBEL is not 3.

Columns Note Name Data

1- 5(1) Material type number.
6-15(F) Young's modulus, E.
16-25(F) Poisson's ratio, v.

15






Columns  Note Name Data

26-35(F) Yield stress, Ty

36-45(1) (6) Number of equal subincrements of strain for
plastic loading. No default.

46-55(1) Order of Runge-Kutta integration (Min.= 1,
Max.= 4). No default.

5.3 ELEMENT DATA GENERATION

As many cards as needed to generate all elements in group.

5.3{(a) First Card

Columns Note Name Data

1- 5(I) (7) MEL Element number, or number of first element in a
sequentially numbered series of elements to be
generated by this card.

6-10(1) NODE1  Node number 1.

11-15(1) NODE2  Node number 2.
16-20(1) NODE3  Node number 3.
21-25(1) NODE4  Node number 4.
26-30(1) NODE5  Node number 5.
31-35(1) NODE6  Node number 6.
36-40(1) NODE7  Node number 7.
41-45(1) NODE8  Node number 8.
46-50(1) MAT Material type number. Default = 1.
51-55(1) INC Node number increment for element generation.

Defauit = 1.
60(1) KGEOM Large displacements code.

(a) zero or blank: small displacements
(b) 1: large displacements

65(1) KTHO Response output code.

(a) zero or blank: no print output

(b} 1: results at “"output" paint only

(c) 2: results at Gauss points in addition to
"output" point

16






Columns  Note Name Data

66-70(F) ROUT Local r-coordinate of "output" point.
Default = 0.0.

71-75(F} SOUT Local s-coordinate of "output" point.
Default = 0.0.

76-80(F) TOUT Local t-coordinate of “output" point.
Default = 0.0.

5.3(b) Second Card
Omit this card if NODES = 8.

Columns Note Name Data

1- 5(1) NODES. Node number 9. May be zero.

6-60(1) Node numbers 10 through 20 in 5-column fields.
Blank or zerc indicates node not to be con-
sidered.

17






5.4 USER'S GUIDE NOTES

NOTE(1)

NOTE(2)

NOTE(3)
NOTE(4)

NOTE(5)

NOTE(6)

NOTE(7)

The elements in group are numbered sequentially, starting with
MFST (i.e. MFST, MFST+l, MFST+2, ..., MFST+NELS-1).

Each element can have from 8 to 20 nodes (Fig. 1). However, all
elements in group must have the same number of nodes. The eight
corner nodes {1 through 8) must always be specified, and any one
or more of the midside nodes (9 through 20) may be specified.
A1l elements in group must have the same material model.

Gauss integration orders from 1 to 4 may be specified separately
in each of the r, s, and t directions (e.g. IORDR = 2, IORDS = 2,
and IORDT = 3). A1l elements in any group must have the same
integration order.

Orthotropic material properties are defined with respect to the
global X-Y-Z axes.

Refer to Section 3.3 for explanations of the number of strain
subincrements and the order of Runge-Kutta integration. For
most applications a single increment and first order integration
will be sufficient.

Cards must be input in order of increasing element number. Cards
for the first and last elements must be included (that is, data
for these two elements cannot be generated).

Cards may be provided for all elements, in which case each card
specifies the data for one element, and the generation option is
not used. Alternatively, the cards for a series of elements may
be omitted, in which case data for the missing elements is gen-

erated as follows:

18






(a) A1l missing elements are assigned the same material number
(MAT), codes for large displacements and response output (KGEOM
and KTHO), and "output" point coordinates as for the element
preceding the missing series of elements.

(b) The node numbers {NODE1 through NODE8, and NODE9 through
NODE20 if NODES > 8) for each missing element are obtained by
adding the increment (INC) to node numbers of the preceding

element. For example,
NODEL(N) = NODEl (N-1) + INC

The node number increment (INC) is the value specified with the

element preceding the missing series of elements.

19
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(a-) 3D SOLID ELEMENT IN
GLOBAL X-Y-Z SYSTEM

FIG. 1 3D SOLID ELEMENT

{(b) 3D SOLID ELEMENT IN
LOCAL r-s-t







FIG. 2 STATE DETERMINATION
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EERC 67-1 "Feasibility Study Large-Scale Earthquake Simulator Facility," by J. Penzien, J5.G. Bouwkamp, R.W. Clough
and D. Rea - 1967 (PB 187 905)A07

FERC 68-~1 Unassigned

EERC 68-2 "Inelastic Behavior of Beam-to-Column Subassemblages Under Repeated Ioading," by V.V. Berterc - 1968
(PB 184 888)A0S5

EERC 68-3 "A Graphical Method for Solving the Wave Reflection-Refraction Problem," by H.D. McNiven and ¥. Mengi - 1968
(PR 187 943)A03

EERC 68-4 "Dynamic Properties of McKinley School Buildings,™ by D. Rea, J.G. Bouwkamp and R.W. Clough - 1968
(PB 187 902)A07

EERC £8-5 "Characteristics of Rock Motions During Earthguakes," by H.B. Seed, I.M. Idriss and F.W. Kiefer - 1968
(PB 188 338)Aa03

EERC 69~1 "Earthquake Engineering Research at Berkeley,” - 1969 (PR 187 906)all

EERC 69-2 "Nonlinear Seismic Response of Earth Structures,® by M. Dibaj and J. Penzien - 1969 (PB 187 904)A08

EERC 69-3 “Probabilistic Study of the Behavior of Structures During Earthquakes," by R. Ruiz and J. Penzien - 1969
(PB 187 886)A06

EERC €9-4 "Numerical Solution of Boundary Value Problems in Structural Mechanics by Reduction to an Initial Value
Formulation," by N. Distefano and J. Schujman - 1969 (PB 187 942)A02

EERC 65%-5 "Dynamic Programming and the Solution of the Biharmonie Equation,"” by N. Distefano - 1969 (PR 187 241)Aa03
EERC E9-6 "Stochastic Analysis of Offshore Tower Structures," by A.K. Malhotra and J. Penzien - 1969 (PB 187 903)A09
EERC 69-7 "Rock Motion Accelerograms for High Magnitude Earthquakes,” by H.B. Seed and I.M, Idriss - 1969 (PB 187 940)A02

FERC 69-8 "Structural Dynamics Testing Facilities at the University of California, Berkeley," by R.M. Stephen.
J.G. Bouwkamp, R.W. Clough and J. Penzien - 19262 (PB 189 111)A04

EERC 69-9 "Seismic Response of Soil Deposits Underlain by Sloping Rock Boundaries," by H. Dezfulian and H.B. Seed
1969 (PB 189 114)A03

EERC £9-10 "Dynamic Stress Analysis of Axisymmetric Structures Under Arbitrary Loading," by S. Ghosh and E.L. Wilson
1963 (PB 189 026)A10

EERC 69-11 "Seismic Behavior of Multistory Frames Designed by Different Philosophies,” by J.C. Anderson and
V. V. Bertero -~ 1969 (PB 190 662)Al0

EERC 69~12 "Stiffness Degradation of Reinforcing Concrete Members Subjected to Cyclic Flexural Moments," by
V.V, Bertero, B. Bresler and H. Ming Liao - 1969 {PB 202 942}A07

EERC 69-13 "Response of Non-Uniform Scil Deposits to Travelling Seismic Waves,” by H. Dezfulian and H.B. Seed - 1369
(PB 191 023)A03

EERC 69-14 "Damping Capacity of a Model Steel Structure," by P. Rea, R.W. Clough and J.G. Bouwkamp - 1963 (PB 190 663)A06

EERC 69-15 "Influence of lLocal Soil Conditions on Building Damage Potential during Earthquakes," by H.B. Seed and
I.M. Tdriss - 1969 (PB 191 036)A03

EERC 69~16 "The Behavior of Sands Under Seismic Loading Conditions," by M.L. Silver and H.B. Seed — 1963 (AD 714 9823207

EERC 70-1 "Earthquake Response of Gravity Dams,"” by A.K. Chopra -1970 (AD 709 640}A03

EERC 70-2 "Relationships between So0il Conditions and Building Damage in the Caracas Barthquake of July 29, 19%67," by
H.B. Seed, I.M. Idriss and H. Dezfulian - 1370 (PB 195 762)405

EERC 70-3 "Cyclic Loading of Full Size Steel Connections," by E.P. Popov and R.M. Stephen - 1970 [PB 213 545)A04
EERC 70-4  “Seismic Analysis of the Charaima Building, Caraballeda, Venezuela," by subcommittee of the SEAQNC Research

Committees V.V. Bertero, P.F. Fratessa, S.A. Mahin, J.H. Sexton, B.C, Scordelis, E.L. Wilson, L.A. Wyllie,
H.B. Seed and J. Penzien, Chairman - 1970 {PB 201 455}A06
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"A Computer Program for Earthquake Analysis of Dams,” by A.K. Chopra and P. Chakrabarti - 1970 (AD 723 9%4)A05

"The Propagation of love Waves Across Non-Horizontally Layered Structures," by J. Lysmer and L.A. Drake
1970 {PB 197 896)A03

"Influence of Base Rock Characteristics on Ground Response,"” by J. Lysmer, H.B. Seed and P.B. Schnabel
1970 (PB 197 897)A03

"Applicability of Laboratory Test Procedures for Measuring Soil Liquefaction Characteristics under Cyclic
loading,” by H.B. Seed and W.H. Peacock - 1970 (PR 198 016)A03 .

"A Simplified Procedure for Evaluating Soil Liguefaction Potential,” by H.B. Seed and I.M. Idriss - 1970
(PB 198 009)A03

"Soil Moduli and Damping Factors for Dynamic Response Analysis,” by H.B. Seed and I.M, Idriss -1970
(PR 197 B6YIAO3

"Koyna Earthquake of December 11, 1967 and the Performance of Koyna Dam," by A.K. Chopra and P. Chakrabarti
1971 (AD 731 496)a00

"Preliminary In-Situ Measurements of Anelastic Abscrption in Soils Using a Prototype Earthquake Simulator,”
by R.D. Borcherdt and P.W. Rodgers -~ 1871 (PR 201 454}A03

“Static and Dynamic Analysis of Inelastic Frame Structures,” by F.L. Porter and G.H. Powell - 1971
(PB 210 135)A06

"Research Needs in Limit Design of Reinforced Concrete Structures," by V.V. Berterc - 1971 (PR 202 943)A04

“Dynamic Behavior of a High-Rise Diagonally Braced Steel Building,” by D. Rea, A.A. Shah and 5.G. Bouwhawp
1971 (PB 203 584)A06

"Dynamic Stress Analysis of Porous Elastic Solids Saturated with Compressible Fluids,"” by J. Ghaboussi and
E. L. Wilson ~1971 (PB 211 396)A06

"Inelastic Behavicr of Steel Beam-to-Column Subassemblages," by H. Krawinkler, V.V. Berteroc and E.F. Popov
1971 (PB 211 335)Al4

"Modification of Seismograph Records for Effects of Local Soil Conditions," by P. Schnabel, H.B. Seed and
J. Lysmer - 1971 (PR 214 450)A03
"Static and Earthquake Analysis of Three Dimensional Frame and Shear Wall Buildings," by E.L. Wilson and

H.H. Dovey - 1972 {PB 212 904}a05

"accelerations in Rock for Earthguakes in the Western United States,” by P.B. Schnabel and H.B. Seed - 1972
{PB 213 100)A03

"Elastic-Plastic Earthquake Response of Soil-Building Systems," by T. Minami - 1972 (PB 214 868)A08

"Stochastic Inelastic Response of Offshore Towers to Strong Motion Earthquakes," by M.K. Kaul -1972
(PB 215 713)A05

"Cyclic Behavior of Three Reinforced Concrete Flexural Mewbers with High Shear," by E.P. Popov, V.V. Bertero
and H. Xrawinkler - 1972 (PB 214 555)A05

"Barthquake Response of Gravity Dams Including Reservoir Interaction Effects,”" by P. Chakrabarti and
A.K. Chopra - 1972 {AD 762 330}A08

"Dynamic Properties of Pine Flat Dam,” by D. Rea, C.Y. Liaw and A.K. Chopra-1972 (AD 763 928)a05
“Three Dimensional Analysis of Building Systems," by E.L. Wilson and H.H. Dovey - 1972 (PB 222 438)A06

“Rate of Loading Effects on Uncracked and Repaired Reinforced Concrete Members," by S. Mahin, V.V. Bertero,
D. Rea and M. Atalay - 1972 (PB 224 52C)A0B

“Computer Program for Static and Dynamic Analysis of Linear Structural Systems,” by E.L. Wilson, K.-J. Bathe,
J.E. Peterson and H,H.Dovey - 1972 (PB 220 437}204

"Iiteraturc Survey - Seismic Effects on Highway Bridges," by T. Iwasaki, J. Penzien and R.W. Clough - 1972
(PB 215 613)Al1%

"SHAKE~A Computer Program for Earthquake Response analysis of Horizontally Layered Sites," by P.B. Schnabel
and J. Lysmer - 1972 (PB 22C 207)A06
"Optimal Seismic Design of Multistory Frames," by V.V. Bertero and H. Kamil - 1973

"Analysis of the Slides in the San Fernando Dams During the Earthquake of February 9, 1971," by H.B, Seed,
K.L. Lee, I.M. Idriss and F. Makdisi - 1973 (PR 223 402)Al4
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74-2
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"Computer Aided Ultimate Load Design of Unbraced Multistory Steel Frames," by M.B. El-Hafez and G.H. Powell
1973 {PB 248 315)A09

"Experimental Investigation into the Seismic Behavior of Critical Redions of Reinforced Concrete Components
as Influenced by Moment and Shear,” by M. Celebi and J. Penzien - 1973 (PB 215 884)A09

"Hysteretic Behavior of Epoxy-Repaired Reinforced Concrete Beams," by M, Celebi and J. Penzien - 1973
{PB 239 568)A03 .

“General Purpose Computer Program for Inelastic Dynamic Response of Plane Structures,” by A. Kanaan and
G.H. Powell - 1973 {PB 221 260)A08

“A Computer Program for Earthquake Analysis of Gravity Dams Including Reservoir Interaction,” by
P. Chakrabarti and A.K. Chopra - 1973 (AD 766 271)A04

"Behavior of Reinforced Concrete Deep Beam-Column Subassemblages Under Cyclic Loads,” by 0. Kistu and
J.G. Bouwkamp - 1973 (PB 246 117)Al2

"Earthguake Analysis of Structure-Foundation Systems,” by A.K. Vaish and A.K. Chopra - 1973 (AD 766 272)}A07
"Deconvolution of Seismic Response for Linear Systems,” by R.B. Reimer - 1973 (PB 227 179}A08

"SAP IV: A Structural Analysis Program for Static and Dynamic Response of Linear Systems,” by K.-~J. Bathe,
E.L. Wilson and F.E. Peterson -1973 (PR 221 967)}A09

"Analytical Investigations of the Seismic Response of Long, Multiple Span Highway Bridges.," by W.S. Tseng
and J. Penzien - 1973 (PB 227 8l6)Al0

"Earthquake Analysis of Multi-Story Buildings Including Foundation Interaction," by A.K. Chopra and
J.A. Gutierrez - 1973 (PB 222 970)A03

"ADAP: A Computer Program for Static and Dynamic Analysis of Arch Dams,” by R.W. Clough, J.M. Raphael and
8. Mojtahedi - 1973 (PB 223 763)A{°

"Cyclic Plastic Analysis of Structural Steel Joints," by R.B., Pinkney and R.W. Clough - 1973 {FPE 226 B43)A08

"OUAD-4: A Computer Program for Evaluating the Seismic Response of Soil Structures by Variable Damping
Finite Element Procedures," by I.M. Idriss, J. Lysmer, R. Hwang and H.B. Seed - 1973 (PB 229 424)A05

"Dynamic nchavior of a Multi-Story Pyramid Shaped Building,” by R.M. Stephen, J.P. Hollings and
J.G. Bouwkamp - 1973 (PB 240 718206

"*Effect of Different Types ¢f Reinforcing on Seismic Behavior of Short Concrete Columns,” by V.V. Bertero,
J. Hollings, O. Xustd, R.M. Stephen and J.G, Bouwkamp - 1973

"Olive View Medical Center Materials Studies, Phase I," by B. Bresler and V.V. Bertero - 1973 (PB 235 986)A06

"Linear and Nonlinear Seismic Analysis Computer Programs for Long Multiple-Span Highway Bridges," by
W.8. Tseng and J. Penzien - 1973

"Constitutive Models for Cyclic Plastic Deformation of Engineering Materials,"” by J.M. Kelly and P.P. Gillis
1973 (PB 226 024)A03

"DRATN - 2D User'’s Guide,” by G.H. Powell - 1973 (PB 227 016)A05
"Barthgquake Engineering at Berkeley - 1973," (PB 226 CG33)ALl
Unassigned

"Earthquake Response of Axisymmetric Tower Structures Surrounded by Water," by C.Y. Liaw and A.K. Chopra
1873 (AD 773 052)A08

“Investigation of the Failurss of the Qlive View Stairtowers During the San Fernando Earthquake and Their
Implications on Seismic Design,"” by V.V. Rerterc and R.G. Collins -1973 {(PB 235 106}AL3

“Further Studies on Seismic Behavior of Steel Beam~Column Subassemblages," by V.V. Bertero, H. Krawinkler
and E.P. Popov - 1973 (PB 234 172)}A06
"Seismic Rigsk Analysis," by C.S. Oliveira -1974 (PB 235 920}A06

"Settlement and Liguefaction of Sands Under Multi-Directional Shaking," by R. Pyke, C.K. Chan and H.B. Seed
1974

"Optimum Design of Earthquake Resistant Shear Buildings,” by D. Ray, K.S. Pister and A.K. Chopra - 1974
(PB 231 172)A06

"LUSH - A Computer Program for Complex Response Analysis of Soil-Structure Systems," by J. Lysmer, T. Udaka,
H.B. Seed and R, Hwang - 1974 {PB 236 796)A05
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75-14
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75-16
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75-18

"Sensitivity Bnalysis for Hysteretic Dynamic Systems: BApplications to Earthquake Engineering,” by D. Ray
1974 (PB 233 213}A06

“Soil Structure Interaction Analyses for Evaluating Seismic Response,“ Ly H.B. Seed, J. Lysmer and R. Hwang
1974 (pB 236 5192)a04

Unassigned
"Shaking Table Tests of a Steel Frame =~ A Progress Report," by R.W. Clough and D. Tané- 1974 (PB 240 E869)A02

"Hysteretic Behavior of Reinforced Concrete Flexural Members with Special Web Reinforcement," by
V.V. Bertero, E.P. Popov and T.Y. Wang — 1974 (PB 23€ 797)A07

“Applications of Reliability-Based, Global Cost Optimization to Design of Earthquake Resistant Structures,”
by E. Vitielle and K.S5. Pister - 1974 (PB 237 231)A06

"Ligquefaction of Gravelly Socils Under Cyclic Loading Conditions,” by R.T. Wong, H.B. Seed and C.K. Chan
1974 (PB 242 042)A03

"Site-Dependent Spectra for Earthquake-Resistant Design,” by H.B. Seed, C. Ugas and J. Lysmer - 1974
(PB 240 253)A03

"Larthquake Simulator Study of a Reinforced Concrete Prame,” by P. Hidalgo and R.W. Clough - 1974
(PB 241 944)A13

"Nonlinear Earthquake Response of Concrete Gravity Dams,” by N. Pal - 1974 (AD/A 006 583)A06

"Modeling and Identification in Nonlinear Structural Dynamics - I. One Degree of Freedom Models," by

N. Distefano and A. Rath - 1974 (PB 241 548)A06

"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure,Vol.I: Description,
Theory and Analytical Modeling of Bridge and Parameters," by F. Baron and S.-H. Pang - 1975 (PB 259 407)A15
“Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure,Vol.IIl: Numerical
Studies and Establishment of Seismic Design Criteria," by F. Baron and S.~H. Pang~ 1975 (PB 259 408)All
{For set of EERC 75-1 and 75-2 (PB 259 406))

"Seigmic Risk Bnalysis for a Site and a Metropolitan Brea," by C.£. Oliveira - 1975 {PB 248 134)A09

"Analytical Investigations of Seismic Response of Short, Single or Multiple-Span Highway Bridges," by
M.=-C. Chen and J. Penzien - 1975 (PB 241 454)A09

"An Evaluation of Some Methods for Predicting Seismic Behavior of Reinforced Concrete Buildings,” by S.A.
Mahip and V.V. Bertero - 1975 (PB 246 306)Al6

"Earthquake Simulator Study of a Steel Frame Structure, Vol. I: Experimental Results,” by R.W. Clough and
D.T. Tang - 1975 (PB 243 981)R13

"Dynamic Properties of San Bernardino Intake Tower," by D. Rea, C.-Y. Liaw and A.K. Chopra - 1975 {(AD/AOOS 406)
A0S

"Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol. I: Description,
Theory and Analytical Modeling of Bridge Components,” by F. Baron and R.E. Hamati - 1975 (PB 251 539)A07

"Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol. 2: Numerical
Studies of Steel and Concrete Girder Alternates,” by F. Baron and R.E. Hamati - 187% (PR 251 540)Al0

"Static and Dynamic Analysis of Nonlinear Structures," by D.P. Mondkar and G.H. Powell - 1975 (PB 242 434)A08
"Bysteretic Behavior of Steel Columns." by E.P. Popov, V.V. Berterc and $. Chandramouli - 1375 (PB 252 365)all
“Earthquake Engineering Research Center Library Printed Catalog," - 1975 (PR 243 711)}A26

"Three Dimensional Analysis of Building Systems {(Extended Version)," by E.L. Wilson, J.P. Hollings and
H.H. Dovey — 1375 (PB 243 989)A07

“Determination of Soil Liguefaction Characteristics by Large-~Scale laboratory Tests," by P. De Alba,
C.K. Chan and H.B. Seed - 1975 {NUREG 0027)A08

"n Literature Survey - Compressive, Tensile, Bond and Shear Strength of Masonry," by R.L. Mayes and R.W.
Clough - 1975 (PB 246 232)Al0

"Hysteretic Behavior of Ductile Moment Resisting Reinforced Concrete Frame Components," by V.V, Bertero and
E.P. Popov - 1975 (PB 246 388)A05

"Relationships Between Maximum Acceleratisn, Maximum Velocity, Distance from Source, Local S8ite Conditions
for Moderately Strong Earthquakes," by H.B. Seed, R. Murarka, J. Lysmer and I.M. Idriss -1975 (PR 248 172}A03

"The Effects of Method of Sample Preparation on the Cyclic Stress-Strain Behavior of Sands," by J. Mulilis,
C.X. Chan and H.B, Seed - 1375 (Summarized in EERC 75-28)
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“The Seismic Behavior of Critical Regions of Reinforced Concrete Components as Influenced by Moment, Shear
and Axial Force,"” by M.B. Atalay and J. Penzien = 1975 (PB 258 842)All

"Dynamic Properties of an Eleven Story Masonry Building,” by R.M. Stephen, J.P. Hollings, J.G. Bouwkamp and
D. Jurukowski - 1975 (PB 246 345)A04

“State-of-the-Art in Seismic Strength of Masonry - An Evaluation and Review," by R.L. Mayes and R.W. Clough
1975 (PB 249 040)A07 :

"Frequency Dependent Stiffness Matrices for Viscoelastic Half-Plane Foundations," by A.K. Chopra,
P. Chakrabarti and G. Dasgupta - 1975 (PB 248 121)AaQ7

"Hysteretic Behavior of Reinforced Concrete Framed Walls," by T.Y. Wong, V.V. Bertero and E.P. Popov ~ 1975
"Testing Facility for Subassemblages of Frame-Wall Structural Systems,” by V.V. Bertero, E.P. Popov and
T. Endo - 1975 '

"Influence of Seismic History on the Liguefaction Characteristics of Sands," by H.B. Seed, K. Mori and
C.X. Chan - 1975 (Summarized in EERC 75-28)

"The Generation and Dissipation of Pore Water Pressures during Soil Liquefaction,” by H.B. Seed, P.P. Martin
and J. Lysmexr - 1975 (PB 252 648)A03

"Identification of Research Needs for Improving Aseismic Design of Building Structures,” by V.V. Bertero
1975 (PB 248 136)A05

"Evaluaticn of Soil Liquefaction Potential during Earthguakes,” by H.B. Seed, I. Arango and C.K. Chan - 1975
(NUREG 0026)Al3

"Representation of Irregular Stress Time Histories by Equivalent Uniform Stress Series in Liguefaction
Analyses," by H.B. Seed, I.M. Idriss, F. Makdisi and N. Banerjee -~ 1975 (PR 252 635)A03

"FLUSH - A Computer Program for Approximate 3-D Analysis of Soil-Structure Interaction Problems,” by
J. Lysmer, T. Udaka, C.-F. Tsai and H.B. Seed - 1975 (PB 259 332)A07

"ALUSH - A Computer Program for Seismic Response Analysis of Axisymmetric Soil-Structure Systenms,” by
E. Berger, J. Lysmer and H.B. Seed - 1975

"TRIP and TRAVEL - Computer Programs for Soil-Structure Interaction Analysis with Horizontally Travelling
Waves," by T. Udaka, J. Twsmer and H.B. Seed-1975

"Predicting the Performance of Structures in Regions of High Seismicity,” by J. Penzien ~1975 (PB 248 130)A03

"Efficient Finite Element Analysis of Seismic Structure - Soil - Direction," by J. Lysmer, H.B, Seed, T. Udaka,
R.N. Hwang and C.,-F. Tsai - 1975 (PB 253 S57C}A(3

“The Dynamic Behavior of a First Story Girder of a Three-Story Steel Frame Subjected to Earthquake Loading,”
by R.W. Clough and L.-Y. Li=-1975 (PB 248 841)A05

"Earthquake Simulator Study of a Steel Frame Structure, Volume IT - Analytical Results,”™ by D.T. Tang - 1975
{PB 252 926}Al10

“ANSR-1 General Purpose Computer Program for Analysis of Non-Linear Structural Response," by D.P. Mondkar
and C.H. Powell - 1975 (PB 252 386}A08

"Nonlinear Response Spectra for Probabilistic Seismic Design and Damage Assessment of Reinforced Concrete
Styuctures,” by M, Murakami and J. Penzien - 1975 (PB 259 530)A0S

"Study of a Method of Feasible Directiens for Optimal Flastic Design of Frame Structures Subjected to Earth-~
quake loading,” by N.D. Walker and K.S. Pister - 1975 (PB 257 781}A06

"An Blternative Representation of the Elastic-Viscoelastic Analogy," by G. Dasgupta and J.L. Sackman - 1975
(PB 252 173}A03

“Bffect of Multi-Directional Shaking on Liguefaction of Sands," by #.B. Seed, R. Pyke and G.R. Martin - 1975
(PB 258 781)A03
"Strength and Ductility Bvaluation of Existing Low-Rise Reinforced Concrete Buildings - Screening Method,” by

T. Ckada and B. Bresler - 1976 (PB 257 906)Al1

"Experimental and Analytical Studies on the Hysteretic Behavior of Reinforced Concrete Rectangular and
T-Beams," by S.-Y.M. Ma, E.P. Popov and V.V. Bertero - 1976 (PB 260 843)Al2

"Dynamiec Behavisr of a Multistory Triangular-Shaped Building,” by J. Petrovski, R.M. Stephen, E. Gartenbaum
and J.G. Bouwkamp - 1976 (PB 273 279)A07

"Earthquake Induced Deformations of Earth Dams,” by N. Serff, H.B. Seed, F.I. Makdisi & C.-¥. Chang - 1976
{PB 292 065)A08
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"Analysis and bDesign of Tube-Type Tail Building Structures," by H. de Clercq and G.H. Powell - 1976 {(PB 252 220)
AlD

"Time and Frequency Domain Analysis of Three-Dimensional Ground Motions, San Fernando Earthquake,” by T. Kubo
and J. Penzien (PB 260 556)A11

"Expected Performance of Uniform Building Code Design Masonry Structures," by R.L. Mayes, Y. Omote, 5.W. Chen

and R.W. Clough - 1976 {PR 270 098)A05

"Cyclic Shear Tests of Masonry Piers, Volume 1 - Test Results," by R.L. Mayes, Y. Omote, R.W.
Clough - 1976 (PR 264 424)A06

"A Substructure Method for Earthguake Analysis of Structure - Soil Interaction," by J.A. Gutierrez and
A.K. Chopra - 1976 (PB 257 783)RA08

"Stabilization of Potentially Liquefiable Sand Deposits using Gravel Drain Systems,” by H.B. Seed and
J.R. Booker - 197¢ (PB 258 B20)AC4

"Influence of Design and Analysis Assumptions on Computed Inelastic Response of Moderately Tall Frames," by
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